Abstract. Large Cryogenic Gravitational wave Telescope (LCGT) is the future Japanese gravitational-wave detector. It will employ the broadband resonant sideband extraction (RSE) as its optical configuration. We compared four signal extraction schemes that have been proposed so as to downselect one of them as the scheme for LCGT. The selected scheme uses the phase and amplitude modulation sidebands: the phase modulation sidebands transmitting to the antisymmetric port (AP) and the amplitude modulation sidebands reflected to the symmetric port (SP) by the functions of the Michelson asymmetry. Using these sidebands, a new technique called 'delocation' is applicable. One advantage is that the control signals of the undesired signals do not appear at the AP, where the differential signals appear. .
Introduction
Large Cryogenic Gravitational wave Telescope (LCGT) is the future Japanese gravitational wave (GW) detector. Various new techniques, such as a very high power laser, an advanced suspension system, the cryogenics, and a new optical configuration will be applied in order to establish the new GW astronomy. As for the optical configuration, the resonant sideband extraction (RSE) is selected as the optical design of LCGT. There have been several prototype experiments to demonstrate the RSE interferometer especially for the Advanced LIGO which is the US future GW detector [3] [4] [5] [6] .
The topology of the RSE interferometer is shown in Figure 1 . Fabry-Perot (FP) arm cavities are placed to enhance the GW signals. The power-recycling mirror (PRM) reinjects the light reflected the Michelson interferometer (MI) to increase the effective laser power for the better shot noise. In addition, there is the signal extraction mirror (SEM) at the antisymmetric port (AP). It reduces the effective finesse of the arm cavities for the GW signals. The signals can be extracted before over-circulating in the FP cavities. Therefore the SEM improves the sensitivity of the interferometer at higher frequencies. On the other hand, since the carrier light returns to the symmetric port (SP), the SEM at the AP does not affect the light power inside the arm cavities. The MI can be regarded as a compound mirror with its reflectivity r MI . It is determined by choosing the MI asymmetry length ∆l and the sideband frequency ω. The reflectivity approximately satisfies r MI = cos α, where α = The MI has two light paths whose lengths are l 1 and l 2 . l 3 is the distance from the PRM to the BS, and l 4 is the path length from the BS to the SEM. A power-recycling cavity (PRC) is a compound cavity which is completed by the PRM and the MI. A signal extraction cavity (SEC) is also a compound cavity, formed by the MI and SEM. There are three signal detection ports, a symmetric port (SP), an antisymmetric port (AP) and a pickoff port (PO).
The interferometer consists of four cavities and a Michelson interferometer. These are five degrees of freedom to be controlled: the arm common mode L + , the arm differential mode L − , the PRC length l + , the MI differential length l − , the SEC length l s . They are defined in Table  1 . They have to be controlled properly to operate the interferometer. Therefore we must extract the five signals of the longitudinal degrees of freedom. To select the signal extraction scheme for LCGT we have studied and compared the four schemes, which was proposed or partially tested by the tabletop experiments.
In the next section, the basic concepts and techniques of signal extraction will be explained. In Section 3, the four signal extraction schemes will be reviewed. In Section 4, we will compare these schemes to downselect one as the LCGT design. In Section 5, we will present the conclusion.
Description
Symbol the length Common length of the arm cavities 4 denote the distance from the PRM to the BS, and from the BS to the SEM. They are also shown in Figure 1 .
Fundamental concepts of signal extraction
To control the interferometer, the length sensing system is indispensable for the feedback control. is that the l + , l − and l s signals are overwhelmed by the enhanced L + and L − signals. The straightforward solution is to utilize two sets of sidebands which do not go into arm cavities and to extract the three signals by beating between the two sidebands (double demodulation, DDM [7] ). We prepare the carrier, a set of PM sidebands and a set of amplitude modulation (AM) sidebands. The PM sidebands works as a local oscillator to extract the L + and L − signals at the SP and AP relatively. This is the same as a control scheme of the FP Michelson interferometer. Beating between the PM and AM sidebands gives the l + , l − and l s signals by the double demodulation technique, where one of the sidebands works as a probe and the other as a local oscillator. It requires that the second sidebands must be the AM sidebands so that a non-zero signal can be produced by beating between with the PM sidebands. The PM and AM sidebands must be at different RF frequencies since the detected signals must not be at zero frequency.
Four control methods
The key points of the four control methods are how to set the resonant conditions of the two sidebands, and how to determine the MI asymmetry length. With respect to these points, the four signal extraction methods will be reviewed in this section.
Method A
'Method A' is the extended version of the Advanced LIGO scheme designed by the LIGO group [8] . The conditions are: the PM sidebands completely transmitting the MI and most of the AM sidebands reflected by the MI. The PM sidebands have to resonate in both of the PRC and the SEC, and the AM sidebands have to resonate only in the PRC (upper left of Figure 2 ). Actual Advanced LIGO will employ the detuned RSE configuration and will use two sets of PM sidebands. When the reflectivities of the front mirror and the end mirror are equal (r I = r E ), all the light fields pass through the cavity. For the RSE interferometer, the PRM corresponds to the front mirror and the compound mirror completed by the MI and the SEM corresponds to the end mirror. When their reflectivities satisfy r p = r com , the light fields go through to the AP. Table 2 represents the sensing matrix of method A. The sensing matrix was calculated by the software FINESSE [13] . In the sensing matrix, the desired signal components are set to unity by normalized factors (norm) and the signal values less than 1e-5 are considered to be 0.
Method B
'Method B' was developed by Somiya and has been partially tested with a Japanese prototype experiment [9] . A combination of the MI asymmetry length and the PM sideband frequency is set as the 'critical coupling' condition for the PM sidebands. Considering a simple cavity of two mirrors, the critical coupling requires that the both mirrors have same reflectivities and the cavity satisfies the resonant condition. To apply to the interferometer, the reflectivity of the PRM and the compound reflectivity of the MI and the SEM have to be the same (Figure 3) . In this condition, the PM sidebands are maximized inside the SEC and all the light fields pass through the SEM. Thus, it has the maximum sensitivity to the l s signal. The AM sidebands slightly reach the SEM as well as method A (lower left of Figure 2 ). In this method, the low frequency sidebands and short asymmetry lengths are available. Table 3 represents the sensing matrix of method B. The L + signal is extracted at the PO because the amount of the local oscillator (the PM sideband) is small at the SP under the critical coupling condition.
Method C
'Method C' was developed in combination with the double demodulation by Sato [10] . Keywords are cos α 1 = 0 and cos α 2 = −1 [11] , where α 1 = and cos α 2 denote the MI reflectivities for the PM sidebands and the AM sidebands respectively. With the help of these reflectivities, the PM sidebands pass through the MI completely, and the AM sidebands are completely reflected by the MI (upper right of Figure 2) 1 . Table 4 represents the sensing matrix under this condition.
The light fields at the PO with the demodulation phases chosen to extract the l + or l s signals at its maximum strengths contain both of the two components. However, with a new technique called 'delocation' [10] , these signals can be perfectly isolated from each other. The delocation is detuning of the AM sidebands by displacing the PRM. It can change the resonant condition of the AM sidebands in the PRC and the off-resonance AM sidebands can rotate the optimal demodulation phases of these signals 2 . The demodulation phase to maximize the l + signal can be rotated by π/2 from that to maximize the l s signal with an appropriate amount of the delocation. Thus the two signals can be extracted optically cleanly by choosing the respective demodulation phases. This scheme can not be applied to neither A nor B methods because the AM sidebands enter the SEC and the phase of the l s signal has been already rotated.
When the delocation is applied, the coupling between the five kinds of signals is relatively small ( Table 5 ). We call this condition the diagonalization of the signals, with which the robust control of the interferometer is expected. Although, the signals extracted by the other three methods are also orthogonal and can be separated by the signal calculation processes, they have potential risks to contaminate the extracted signals during those processes, such as noise injection. Therefore the optically diagonalized signals are considered to be advantageous in many aspects.
Method D
In 'method D' [12] , the combination of the MI asymmetry length and the PM sideband frequency is set as the critical coupling condition by the same way of method B. The PM sidebands are maximized in the SEC and reach the SEM. For the AM sidebands, the MI reflectivity is r MI = cos α 2 = −1 to make the AM sidebands reflected by the MI completely. Table 6 represents the sensing matrix under this condition. The delocation is also applicable (lower right of Figure 2 ). Table 7 represents the sensing matrix when the delocation is applied.
Downselect of four methods for the LCGT
Method C was chosen as the signal extraction scheme for LCGT, based on the following considerations. The delocation was not adopted at the present moment because there is little experience with this technique. A present plan is to diagonalize the signals by the signal calculation processes of the extracted signals. However it is important that there is still a possibility of expanding to the optical diagonalization of signals.
Difficulty of setting parameters
One problem of methods B and D is that the number of the parameter sets which can realize the methods is limited, because of the strong constraint between the parameters. To determine the PM, AM sideband frequencies and the MI asymmetry length, (1) the sidebands should resonate in the mode-cleaner placed before the interferometer, (2) The PM sideband frequency and the MI asymmetry length should be determined so that r p = r com is satisfied, where r com = −r MI + (t 2 MI r s )/(1 − r MI r s ) for the critical coupling condition, and (3) the AM sideband frequency is determined automatically depending on the MI asymmetry lengths, however, the PM and AM sideband frequencies must have at least one common divisor because both of them should be resonate in the common cavity, the PRC. Table 2 . Sensing matrix of method A. Table 4 . Sensing matrix of method C Table 5 . Sensing matrix of method C with the delocation.
Furthermore, they must fit the LCGT design. LCGT design parameters such as cavity lengths and mirror reflectivities are already planned roughly, so the parameters must be within the limits.
Considering these situations, there are a few parameter candidates for method B. In method D, it is very difficult to find the solution so that the AM sideband frequency may exactly satisfy cos α 2 = cos(∆l ω 2 /c) = −1 within the limit of the realizable parameters (in fact, there is only one parameter set for LCGT). Methods A and C have similar steps to determine the parameters. However, in the step (3), the AM frequency parameters are always available. They have always common devisors, because for example of method C, the PM and AM sideband frequencies satisfy ∆lω 1 /c = π/2 and ∆lω 2 /c = 3π respectively. Table 7 . Sensing matrix of method D with the delocation.
Diagonalized signals
The optically diagonalized signals can be extracted by methods C and D using the delocation scheme. As we explained in section 3.3, the diagonalized signals will realize the simple and robust control system because the signals have information of mostly one degree of freedom and can be used for feedback directly. However, the signal values are reduced since the power in the PRC is reduced by the displacement of the PRM. It is necessary to test this new scheme practically before applying the idea.
Clean l − signal
The AM sidebands reflected by the MI completely can carry the clean l − signal to the AP even when there are some imperfections or when the delocation is applied. The l − signal has to be high quality since it appears in the L − signal at the same signal extraction port (AP, see the matrices). The fluctuation of the l − signal may limit the sensitivity for the GWs. The AP is the most appropriate signal detection port for the l − signal because it has the better signal-tonoise ratio. The AM sideband condition of methods C and D can realize this completely clean l − signal. In this condition, the l − signal extracted from the AP is completely free from the mixture of the other two, the l + and l s signals.
Summary
Considering all these factors together, method C has been chosen as the signal extraction scheme for LCGT. It can also become the back-up scheme for Advanced-LIGO. The other good point of this method is that the way to use the sidebands is very simple. Our comparison of the four methods is shown in Table 2 .
Conclusion
We introduced and compared the four signal extraction schemes for the RSE interferometer. The four methods are distinguished by the sideband conditions and the function of the MI asymmetry. In consequence, method C was proposed for LCGT. expected. In addition, the clean l − signal can be taken at the AP. The prototype experiment is planned to demonstrate the scheme including the delocation technique at National Astronomical observatory of Japan.
